The aim of this study was to assess the effect of cytokinins not commonly used for shoot induction from zygotic embryos of Pinus radiata D. Don. The influence of in vitro shoot and root induction treatments on the subsequent ex vitro development of the regenerated plants was also tested. Embryos were cultured with benzyladenine (BA), thidiazuron (T) and two cytokinins not previously assayed in radiata pine organogenesis (meta-topolin (m-T) and zeatin (Z)) in a range of concentrations and induction periods. Shoot induction treatments were assayed in seeds from different geographical origins to obtain wider conclusions. We analysed the effect of these cytokinin treatments on in vitro rooting with different auxins ((indole-3-butyric acid (IBA) and 1-naphtalene acetic acid (NAA)) and the traditionally used mixture. After in vitro rooting, the plantlets were acclimatized and their ex vitro behaviour was evaluated. Shoot induction treatments with 1 μM BA for 2 weeks, 4.4 μM BA for 3 weeks or 1 μM Z for 3 weeks were more effective than the other treatments. An interaction between in vitro shoot and root induction treatments was observed. IBA was more efficient for plant production because the explants rooted in this auxin had better survival rates in the greenhouse.
Introduction
A multistage process comprising five steps has been generally employed in commercial micropropagation (Debergh and Read, 1991) . These steps include a preparative stage, establishment of viable culture, proliferation, production of cutting or plantlets and establishment of the plantlets produced in the greenhouse. Each step requires optimization which must be solved empirically (Stasolla and Thorpe, 2010) . But, improvements at one step may decrease the success at others; thus, changes to protocols have to be considered in the context of the entire process.
The in vitro regeneration of plantlets in conifers can proceed through two pathways, somatic embryogenesis and shoot organogenesis. Somatic embryogenesis in conifers has been widely reported in the past few years (von Arnold et al., 2005; Klimaszewska et al., 2007) . Some problems associated to this technology are a narrow competence window for initiation of the embryogenic tissue (MacKay et al., 2006) and, sometimes, limited success in the maturation of embryogenic tissue into cotyledonary somatic embryos (Nehra et al., 2005) . For these reasons, the production of clonal plants from seeds via organogenesis has been studied for several conifers in the last 30 years (von Arnold and Hawes, 1989; Nugent et al., 2001; Tang and Newton, 2005) .
In 1957, Skoog and Miller (1957) proposed that a balance between auxin and cytokinin determines the morphogenic competence of an explant in in vitro culture. Manipulation of the composition and ratio of these plant growth regulators inside the tissue is often the primary empirical approach to the optimization of in vitro culture. During this process of plant growth regulator optimization, abnormal or unusual organ development is often observed Testing novel cytokinins for improved in vitro adventitious shoots formation and subsequent ex vitro performance in Pinus radiata Introduction Carbon (C) exchange between forests and the atmosphere plays a key role in the global C cycle; thus, an understanding of the biological and physical controls on this process in a forest ecosystem will assist in the anticipation of its response to environmental change (Houghton et al., 2003) . Forest respiration is a process whereby carbon di oxide (CO 2 ) is released through the respiration of macro-and microorganisms and can be partitioned between autotrophic and heterotrophic sources. Autotrophic respiration is an integral part of the estimation of net primary production, whereas heterotrophic respiration is influenced by the quantity and quality of dead plant tissue generated in a forest ecosystem (Baldocchi, 2003; Jomura et al., 2007) .
The dead organic matter pool includes coarse woody debris (CWD), fine litter and soil organic matter. Fine litter and soil organic matter are usually treated as significant components of soil respiration when estimating forest C budgets (Davidson et al., 2002; Irvine and Law, 2002; Liu et al., 2006) , but CWD is often overlooked or very roughly
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The CWD C pool is an integral part of the retained forest C pool and could account for up to 18 per cent of the total forest ecosystem C in some temperate forests (Pregitzer and Euskirchen, 2004) . Therefore, the accurate estimation of C fluxes from CWD may be essential for assessing its contribution to the current and long-term C balance of forest ecosystems and, presumably, how it may react to climate change (Liu et al., 2006; Ravindranath and Ostwald, 2008) .
CWD includes all non-living woody biomass either standing (dead trees or branches) or lying on the ground (fallen trees, logs with minimum diameter of 7 cm) or within the soil as dead roots with a minimum diameter of 2 mm and stumps in a forest (IPCC, 2006; . It provides nutrients for the soil, maintains biodiversity and creates a habitat for various microbes and invertebrates.
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In addition, it also influences forest C and nutrient cycling (Hammond et al., 2001; Hicks et al., 2003a) .
CWD respiration (R CWD ) is a vital component of total forest respiration, especially following disturbances, such as fire, storm damage or tree harvest (Bond-Lamberty et al., 2002; Gower, 2003) . Jomura et al. (2007) showed that R CWD from logs and snags contributed 10-16 per cent of the total heterotrophic respiration in a temperate broadleaved secondary forest in Japan, and Bond-Lamberty et al. (2002) estimated that R CWD from logs contributed between 1 and 54 per cent of soil CO 2 flux in a boreal black spruce chronosequence. The CO 2 respired from abandoned logs and other large debris in forests is increasingly being considered because of its contribution to long-term C storage (particularly in second and subsequent rotations of plantations), slow rate of decomposition and high spatiotemporal variation in its accumulation (Gower, 2003; Chambers et al., 2004; Pregitzer and Euskirchen, 2004; Liu et al., 2006; Gough et al., 2007) .
Elevated levels of atmospheric CO 2 may lead to a warmer, moister future climate (Houghton et al., 2003) , which could increase CWD decomposition in forest ecosystems. However, due to the slow decomposition rate, weight loss must be monitored for many years or decades to discern the effects of changing climatic conditions on CWD. By measuring R CWD from logs, an attempt can be made to model the effect of environmental factors and CWD decay status on the decomposition rate of CWD and its contributions to C emissions from forests (Jomura et al., 2007) . Accurately modelling R CWD requires a process-based understanding of the factors that influence CWD decomposition and continuous data for each factor.
The temperature and moisture content of the substrate are two major environmental factors that influence microbial activity and decomposition rates of CWD, with decomposer communities being highly sensitive to changes in these factors (Rayner, 1998; Chen et al., 2000; Wang et al., 2002a) . The temperature sensitivity of R CWD (i.e. Q 10 ) measures the rate of change of the biological system due to an increase in temperature by 10°C (Pavelka et al., 2007) . For example, Wang et al. (2002a) demonstrated that Q 10 could vary by up to 141 per cent across a 5-42°C temperature range in an incubation study that determined the environmental factors affecting R CWD from black spruce CWD.
In tropical regions, where temperature is favourable for year-round microbial activity, CWD moisture content is the major environmental limiting factor influencing R CWD (Chambers et al., 2001) , whereas temperature restricts winter R CWD in boreal forests, and here the limiting effect of moisture content on R CWD also increases with increasing temperature during the growing season (Bond-Lamberty et al., 2002) . For instance, Bond-Lamberty et al. (2002) reported that CO 2 respired from logs was moisture limited below 43 per cent moisture content, based on field measurements. In addition, the effect of moisture content and temperature on R CWD is greatly influenced by the degree of decay (or decay class (DC)) of the CWD (Wang et al., 2002a; Wu et al., 2010) .
In Ireland the main sources of CWD input to the forest floor are thinning and harvesting operations or extreme weather events such as storms resulting in wind throws. The national estimate of the aboveground volume of CWD (stumps and logs) is 5.6 million m 3 (Forest Service, 2007) . The importance of CWD to C storage and fluxes in Irish forests is likely to increase as 60 per cent of the total forest estate was in the juvenile stage (i.e. had not reached the developmental stage for thinning) in 2007. Sitka spruce (Picea sitchensis (Bong) Carr.) is the predominant tree species, representing 52 per cent of the total forest cover (Forest Service, 2007) .
In this study, we used closed dynamic chambers to measure respiration rates from log samples in different DCs and determined the annual C flux from CWD logs resident in six even-aged, thinned Sitka spruce stands, representing the young, intermediate and mature stages of a typical commercial rotation. The objectives of this study were (1) to quantify the R CWD from logs at various stages of decay; (2) to relate the specific CWD surface area (SA CWD ) of the logs to R CWD ; (3) to determine the relationship between temperature, moisture content and R CWD ; and (4) to estimate the decomposition rate, half-life (50 per cent decomposition) and annual C flux of the CWD logs.
Materials and methods

Site description
Data for CWD C mass were obtained from an earlier study (Olajuyigbe et al., 2011) , in which a fixed-area sampling method was used to quantify the volume of aboveground CWD logs occurring in six even-aged (23-to 45-year-old) Sitka spruce forest stands growing on wet mineral gley soils. The study site used in the present study (D 23 ) was part of this series of sites (Table 1) .
The log respiration experiment was conducted (from June 2010 to February 2011) in a 23-year-old first rotation Sitka spruce forest stand (D 23 ) located in County Laois in the Irish midlands (52° 57′ N, 7°15′ W, altitude 260 m). The 30-year mean annual temperature and precipitation are 9.3°C and 850 mm, respectively. The study site is used for long-term measurements of climatic and C flux data as part of a forest C sequestration project (CARBiFOR; Black and Farrell, 2006) . The 42-ha forest was previously an unmanaged grassland, which was afforested at a 2-by 2-m spacing in 1988. Thinnings were conducted in 2006 and 2008, with 22 and 23 per cent of the total forest biomass removed, respectively. The first thinning was mostly systematic, in which every seventh row was removed (with some selective thinning in the rows between the racks), whereas the second thinning was purely selective.
Experimental design
In June 2010, 30 samples of Sitka spruce logs (6 per DC) were obtained from lying abandoned logs and trees Table 2 ). DC 0 logs were obtained from the base, middle and top sections of freshly felled trees, which were measured immediately after tree felling to capture the initial flux of CO 2 as a result of the exposure of the cut surfaces. DC 1 and 2 logs were obtained by sawing whole segments from abandoned logs created during the first (2006) and second (2008) thinnings at this stand. The more highly decayed logs (DCs 3 and 4) were obtained from material created during an earlier experiment (in 2003) , where trees were felled for a biomass study on the same site; hence, all the logs used in this study were of known age (i.e. time since harvest in years).
The length and two end diameters of each log were measured and then log volume (VL) was calculated using equation (1) (Matthews and Mackie, 2006; Garrett et al., 2007) :
where L (m) is length of the log and d 1 and d 2 are the two end diameters of the log. The specific CWD surface area (SA CWD ) was calculated as the ratio of each log's surface area (determined as the area of a frustrum) to its dry weight (measured at the end of the experiment), following the method of Wang et al. (2002a) (see Table 3 for physical characteristics and dimensions of logs).
The 30 log samples (6 per DC) were tagged, placed in 1-mm mesh bags (to prevent the loss of the mass due to fragmentation, especially in the highly decomposed logs of DC 3 and 4) and laid 50 cm apart from one another on the floor under the forest canopy. The mesh bags were left open at one end to allow invertebrate access to the CWD substrate.
CWD respiration rate
The study of R CWD from logs is challenging because of the difficulties involved in making accurate and consistent measurements under field conditions. Earlier studies on R CWD used the alkali (soda lime) absorption method, which has been known to underestimate respiration rates because of the decrease in the rate of diffusion of CO 2 out of the logs as the concentration in the chamber increases, and the fact that this method usually only measures efflux from a part of the log surface instead of the entire log (Bekku et al., 1997; Liu et al., 2006; Herrmann and Bauhus, 2008) . Therefore, more recent studies have developed techniques involving closed dynamic chambers, combined with gas chromatography or infrared gas analysers (IRGA) (Chambers et al., 2001; Bond-Lamberty et al., 2002; Wang et al., 2002a; Wu et al., 2010) . In this study, R CWD was measured in a closed dynamic chamber. The system was composed of an IRGA meter (ADC 2250, ADC BioScientific Ltd, UK), an analysis chamber made from acrylic resin (with dimensions: 56 × 35 × 41 cm), a 12-V internal fan to ensure a homogeneous mixture of the chamber's air, tubes (running from the analysis chamber to the IRGA and back), draft seals (lining the edges of the chamber and the lid to stop gas leakage), Tiny Tag data loggers (Gemini data loggers (UK) Ltd) for measuring the temperature in the chamber and at the forest floor (forest floor temperature was monitored continuously and recorded over 30-min intervals) and a vinyl sheet on which the chamber was placed to isolate the logs from the forest floor during measurement.
Each DC log sample was enclosed in the chamber, and air was drawn from the chamber and passed through the IRGA operated in differential mode at a flow rate of 300 µmol s 1 . The system tubing and chamber headspace were flushed and allowed to equilibrate during the first 2 min of each run before measurement over a 10-min period. With this approach, the rate of increase in CO 2 concentration within the chamber headspace was measured. Weekly R CWD measurements of all logs in each DC were conducted from June to November 2010. The measurement interval was then lengthened to every fortnight until February 2011.
The respiration rate of each log (R CWD ) was calculated using equation (2) (after Jomura et al., 2007) :
where R CWD is the respiration rate of a sample log (mg CO 2 kg 1 h 1 ), ΔCO 2 is the change in CO 2 concentration (ppm), t is the duration of measurement (sec), V c is the chamber volume (m 3 ), V L is the log volume (m 3 ), P is the atmospheric pressure (Pa), M is the molecular weight of CO 2 (44.01 g), R is the universal gas constant (8.314 J mol 1 K 1 ), T c is the temperature (°C) in the chamber averaged over each measurement period and W d (g) is the log's dry weight at the end of the experiment. The mean respiration rate per DC was calculated for each sampling time.
Log moisture content (MC t )
The wet weight of each sample log was measured during each respiration measurement, and the logs were oven dried at 70°C after the completion of field measurements to determine the moisture content of the logs at each time of measurement (after Wang et al., 2002a; Wu et al., 2010) . The log's moisture content (MC t ) at the time of each measurement was calculated gravimetrically (equation (3)).
where MC t (kg H 2 O kg 1 dry weight) is the log's moisture content at time of measurement, W wt (kg) is the wet weight at time of measurement and W d (kg) is the wood dry weight at the end of the experiment. The assumption was made that dry mass did not change during the study period as a result of fragmentation (because the mesh bags prevented losses due to breakage/handling).
Temperature function and regression equations
Soil surface CO 2 flux has been shown to display a nonlinear response to temperature (Rayment and Jarvis, 2000; Epron et al., 2004) , and this relationship has also been used to relate R CWD to temperature (Wu et al., 2010) . The dependence of R CWD on temperature for each DC was expressed as shown in equation (4) (based on Lloyd and Taylor, 1994) :
where R 0 and β o are regression coefficients obtained using a nonlinear least square regression and T c is the temperature in the chamber.
The temperature sensitivity (Q 10 ) of R CWD was calculated using equation (5).
where Q 10 is the temperature sensitivity of R CWD for each DC, and β o is a regression coefficient from equation (4).
The relationship between R CWD per DC and the moisture contents (MC t ) of logs was best fitted by a secondorder polynomial function (equation (6)).
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where R mc is the intercept and β 1 and β 2 are regression coefficients. A multiple regression analysis was conducted to determine the relationship between the mean of R CWD , T c and the MC t of logs in the different DCs. After comparing different functions and checking plots of residuals, a bivariate model (equation (7)) was found to produce the best fit (based on Tang et al., 2005) :
where β 3 , β 4 , β 5 and β 6 are regression coefficients.
Annual stand C flux, decay rate (k) and CWD half-life
In order to calculate a series of stand-level annual CWD C fluxes resulting from the decomposition of abandoned logs, the derived log respiration rates were combined with data from the localized climate (Olajuyigbe et al., 2012) and a previous survey of CWD stocks (volumes of logs per DC) at six different stands ( Table 1 ) described in Olajuyigbe et al. (2011) . The previous field surveys were conducted in sample plots established in the six forest stands to determine CWD volume of logs resident in each stand. These logs were classified into different DCs using the characteristics described in Table 2 . The length and end diameters of logs ≥7 cm were measured in each sample plot, and the volume of each log was subsequently determined. Disc samples were taken from both ends and the middle of representative samples to determine the DC density using the volume displacement method. The volume of each log in each DC was multiplied with the corresponding mean DC density and summed to give the current necromass of logs present in the sampled plots of the six forest stands. The necromass of logs in the plots in each stand was averaged and scaled up to per hectare values, thus resulting in stand estimates of CWD log necromass (Olajuyigbe et al., 2011) .
The C concentration of representative subsamples of the logs used for the respiration experiment was determined using a Vario Max CN element analyser (Elementar Analysensysteme GmbH) following the method described in Olajuyigbe et al. (2011) . It was observed that there was no significant difference in the C concentration (mean: 46.61  0.07 per cent) of the different DCs; therefore, the C mass (Mg C ha 1 ) of CWD for each surveyed forest stand was calculated by multiplying stand necromass and mean C concentration of CWD logs.
To estimate the annual decay rate constant (k; year 1 ) (which is the total annual C loss per unit mass due to CWD log respiration), the daily R CWD for logs in each DC was modelled by substituting T c in equation (4) with the daily mean forest floor temperature (obtained from tiny tag data loggers placed on the forest floor) and scaling up from hourly to daily fluxes to determine daily C loss from the decomposing logs in each DC. Then, the annual decay rate for each DC was determined by summing the daily values.
The stand C flux (Mg C ha 1 year 1 ) from logs resident in each surveyed site was calculated by multiplying the C mass (Mg C ha 1 ) and corresponding k (year 1 ) for each DC and summing the resultant values.
The half-life (50 per cent decomposition) of the logs was calculated using the mean decay rate (for all DCs) based on Olson (1963) 
where k m (year 1 ) is the mean annual decay rate for all DCs.
Statistical analysis
Statistical analyses were carried out using SigmaStat 11 for Windows (Systat Software Inc., UK) and XLSTAT 2011 (Addinsoft, UK) statistical software packages. The Pearson product moment correlation (r) was used to measure the strength of association between R CWD , T c , MC t , SA CWD and DC. The simple linear regression was used to identify the relationship between R CWD and SA CWD , and one-way ANOVA was used to identify significant differences between SA CWD of logs in different DCs. Due to the heterogeneous nature of R CWD data from the DCs (which could not be normalized by transformation), the Friedman repeated measure test (ANOVA on ranks) was used to check for differences between the mean R CWD of logs in different DCs. All tests were performed at P  0.05 level of statistical significance, and Holm-Sidak multiple comparison tests were used for pairwise comparisons of significant main effects identified by ANOVAs. Polynomial and exponential functions were used to relate R CWD to T c and MC t based on the models described in equations (4)- (7).
Results
Relationship between specific surface area, decay class and respiration rate
Generally, SA CWD appeared to increase with DC ranging from 0.073 to 0.271 m 2 kg 1 . However, no significant differences were observed between the SA CWD of logs in DC 0-3 (Figure 1a ). There was a positive correlation between SA CWD and mean R CWD (R 2  0.61, P  0.0001) of individual logs (Figure 1b) over the study period.
There was a positive correlation between DC and R CWD (r  0.45, P  0.0001) and significant differences in the CO 2 respired from logs in the different DCs (Figure 1c) . The highest emissions were from logs in DC 3 (mean  SE: 40.428  4.83 mg CO 2 kg 1 h 1 ), and the lowest emissions were from DC 0 logs (10.182  2.03 mg CO 2 kg 1 h 1 ).
All DCs followed similar seasonal patterns for R CWD , T c and MC t (Figure 2a-c) , with a gradual drop in the R CWD from the summer months to the winter. From June to December, a decrease in temperature combined with a rise in moisture content was associated with a decrease in respiration rate.
The influence of temperature on respiration rate of logs
A positive correlation was observed between R CWD and T c (r  0.65, P  0.0001), when the data for all logs were pooled. Temperature was a good predictor of the R CWD , and the decay status of CWD logs significantly influenced the response of R CWD to changes in T c (Table 4 ). The best fit for the temperature function was recorded for DC 0, and the poorest fit was recorded for DC 1 (Figure 3) . The Q 10 of DC 0 logs (74.44) was extremely high compared with the Q 10 values for other DCs. 
Relationship between respiration rate and moisture content of logs
There was a positive but weak correlation between R CWD and MC t (r  0.12, P  0.0001), when the data for all logs were pooled. The mean MC t in logs varied from 99 per cent in DC 0 to 240 per cent in DC 4. The polynomial regression curves (Figure 4) showed that MC t was limiting to the R CWD of logs in DCs 1-4, with an optimal level around 200 per cent for DCs 3 and 4. The curves provided a poor fit for all DCs and for DCs 0 and 3 in particular (Table 4) , with MC t not having a significant influence on R CWD from DC 0 logs.
Combined effect of temperature and moisture content on respiration rate
The combination of T c and MC t had a significant effect on R CWD for all DCs, with the best fit recorded for DCs 0 and 2 (Table 4) . Generally, CWD log respiration rates increased with increases in temperature and moisture content, especially at higher temperatures ( Figure 5 ). However, a deviation from the general trend was observed in DCs 1 and 2, where a drop in MC t from 180 to 100 per cent corresponded with an increase in R CWD and T c .
Annual C flux and decay rate (k)
There was no significant correlation between the C mass of logs in the forest stands, the number of thinnings (r  0.02, P  0.968) or stand age (r  0.06, P  0.907). The C mass of logs ranged from 0.707 to 16.459 Mg C ha 1 (Table 5) . The mean (SE) k m for logs in all DCs was estimated at 0.035  0.009 year 1 and the calculated half-life was 20 years. The highest specific k-value was recorded for DC 3 logs (0.063 year -1 ), and the lowest was recorded for DC 0 logs (0.007 year -1 ).
Discussion
CWD logs' physical characteristics and respiration
Respiration is a major pathway for C loss in CWD logs, and it can account for up to 70 per cent of the total CWD C loss, reflecting the state of decomposition of the material (Chambers et al., 2001; Barker, 2008) . The change in SA CWD across DCs was a good indicator of R CWD as it accounted for 61 per cent of the variation in the R CWD of logs (Figure 1b) . SA CWD increases with increasing decomposition due to C loss resulting from microbial respiration (Wang et al., 2002a) , dissolution of organic C (Yavitt and Fahey, 1985) and increased fragmentation (Harmon et al., 1986 ).
An increase in the SA CWD corresponds to increases in the internal surface and pore space of logs, thus increasing the water-holding capacity and water potential of the logs as decay progresses (Chambers et al., 2001; Bond-Lamberty et al., 2002; Sexton and Harmon, 2009) . This relationship was evident in the high MC t recorded for highly decayed logs (Figure 2c ). Although the MC t of all logs were high due to local climatic conditions, it has been suggested that low water-holding capacity coupled with a high basic density of logs in the early stages of decomposition might restrict the R CWD , especially when T c is high (Wang et al., 2002a) . This probably partly explains why the R CWD from DC 0 logs was lower than that from logs in other DCs.
FORESTRY
The DC significantly influenced R CWD , with increased decomposition resulting in higher R CWD . The highest R CWD was recorded for logs in DC 3 and the lowest in DC 0. Bond-Lamberty et al. (2002) also observed the significant effect of DC on R CWD from black spruce CWD logs in a fire chronosequence. The pattern of R CWD from the DCs observed in this study could be hypothetically categorized into three phases of decomposition, including a slow colonization phase (DC 0), a fast decomposition phase (DCs 1 and 2) and a faster humification phase (DCs 3 and 4) . A similar pattern was observed in Olajuyigbe et al. (2011) , where we used density-time decay functions to estimate the decay rates of aboveground and belowground CWD of Sitka spruce and this agrees with the assertion that decomposition of CWD occurs in phases Yatskov et al., 2003) .
Environmental factors and respiration from CWD logs
Temperature (T c ) is a consistent factor influencing R CWD , and there is an indication that the activity of fungi increases approximately two-to threefold for every 10°C rise in temperature (Q 10 factor) (Marra and Edmonds, 1996; Wang et al., 2002b; Hicks et al., 2003b) . A rise in temperature enhances microbial activity and could encourage enzymatic breakdown of polymers. T c accounted for over 75 per cent of the variation in R CWD for most of the DCs. Wu et al. (2010) reported that temperature accounted for 67-76 per cent of the total variation in R CWD from logs in an old-growth temperate forest in Northern China. The magnitude of correlation between T c and R CWD varied among DCs (69-89 per cent), as observed by Gough et al. (2007) in northern temperate forests.
The Q 10 model simplifies the respiration process by assuming a constant response of the respiration rate to temperature within a certain temperature range and is therefore suitable for general application. Q 10 temperature dependence has been applied to R CWD of logs (Wang et al., 2002a; Wu et al., 2010) and decaying roots (Chen et al., 2000) . The mean (SE) of Q 10 in this study was 4.06  0.34 (Q 10 for DC 0 logs was excluded from this calculation due to its extremely high value) ( Table 4 ). fall within the range reported for Pinaceae spp. (1-8) (Chen et al., 2000; Bond-Lamberty et al., 2002) . The high Q 10 for DC 0 logs may be due to the fact that the samples were fresh with a high amount of labile C, encouraging a high microbial activity when temperature increased above 10°C, as suggested by Marra and Edmonds (1996) .
Past studies have shown that low and high MC t can limit the activities of decomposer organisms in dead organic matter (Chen et al., 2000; Progar et al., 2000; Hicks and Harmon, 2002) . High moisture content limits respiration by reducing oxygen diffusion, leading to anaerobic conditions (Chen et al., 2000; Barker, 2008) . The MC t measured in this study were high, and this influenced the R CWD , especially from highly decayed logs (Figure 4 ). Increasing MC t initially enhanced CO 2 released from DC 3 and 4 logs up to an optimum level, beyond which lower R CWD values were recorded. The very high MC t in higher DCs is consistent (4), (7) and (8)); the temperature sensitivity (Q 10 ) (equation (5) with earlier studies, which showed that MC t increased with increased decay of wood to values of over 300 per cent of the wood dry weight (Chambers et al., 2001; Bond-Lamberty et al., 2002; Barker, 2008) . On the other hand, R CWD from DC 0 logs produced a poor fit with MC t , and this agrees with Hicks and Harmon (2002) , who reported that anaerobic conditions (oxygen levels below 5 per cent) in logs in the earliest stages of decay limited decomposition. Temperature and moisture are two major environmental factors that influence microbial activity and decomposition rates of organic matter (Boddy, 1983; Chen et al., 2000; Jomura et al., 2007) . Our results agree with many other studies that have shown that temperature is the more important environmental factor influencing R CWD (Chambers et al., 2001; Mackensen and Bauhus, 2003) . However, moisture strongly interacted with temperature in influencing R CWD across a broad moisture gradient, which ranged from 91 to 320 per cent in this study. Wang et al. (2002a) found that moisture interacted with temperature over a moisture gradient ranging from 10 to 160 per cent. The effect of moisture on decomposition is greatest at very low and high temperatures as these extreme conditions limit microbial activity in CWD (Progar et al., 2000; Sexton and Harmon, 2009 ).
Annual C flux and decay rate constant (k)
The C mass of logs in the surveyed forest stands was highly variable (0.707-16.459 Mg C ha 1 ) and was independent of the age and number of thinnings carried out in each stand (Table 5 ). The input of CWD is dependent on management decisions, thinning intensity, site and stand quality, operational factors and environmental conditions. These factors, especially the product specification and harvester operator efficiency, greatly influenced the amounts added during each thinning operation (Olajuyigbe et al., 2011) . Since a large proportion of Irish forest is still in the juvenile stage (i.e. 60 per cent of the forest estate had not reached the developmental stage for thinning as of 2007) (Forest Service, 2007) , the CWD pool is expected to play an increasingly important role in future C stocks of these forests, with significant CWD inputs from thinning and harvest operations (Sweeney et al., 2010) . For instance, CWD contributed 5 per cent of the total forest biomass C stock in one of the study sites (D 23 ) after two thinning events .
A study that measured the soil respiration from the forest floor in D 23 (Olajuyigbe et al., 2012) showed that the soil respiration from this forest stand was 4.35 Mg C ha 1 year 1 , and the total ecosystem respiration was 10.90 Mg C ha 1 year 1 as determined by eddy covariance methods . Consequently, it is estimated that CWD logs contributed 0.25 per cent of the CO 2 efflux from the forest floor of this stand. The contribution of the logs to soil respiration in this forest was low (0.011 Mg C ha 1 year 1 ), due to the young age and management stage of the stand (first rotation, only two thinnings resulting in DC 0, 1 and 2 logs to date). Gough et al. (2007) found that R CWD from logs and snags contributed 1.4 per cent to the total ecosystem respiration in secondary successional temperate forest in North America. Jomura et al. (2007) estimated annual C flux from logs and snags to be 0.33 Mg C ha 1 year 1 in a temperate, secondary broadleaved forest in Japan. Annual soil respiration in the same forest was estimated to be between 4.20 and 7.10 Mg C ha 1 year 1 . The difference in the estimates is due to the fact that some of these studies were conducted in post first rotation forests with large amounts of CWD.
The low C flux from logs in the current study indicates that CWD (including stumps, logs and roots) could be an important C store, as the average decay rate was low. The mean (SE) of DC decay rates, k m , was 0.035  0.009 year -1 , which is consistent with values published for studies that used a similar methodology (Bond-Lamberty et al., 2002; Wu et al., 2010) .
The very low k-value for DC 0 logs (0.007 year 1 ) could be due to an initial time lag in the decay process. Lag times in decomposition can occur in the early stages of decay and reflect the time needed for decaying fungi to colonize CWD and begin substantial degradation Yatskov et al., 2003) . However, caution should be exercised when using the k-values estimated from R CWD , as they do not take into account the occurrence of fragmentation and could underestimate the rate of decay.
The average half-life (50 per cent decomposition) of the logs was estimated to be 20 years. This half-life value is comparable with those found by previous authors (Mackensen and Bauhus, 2003; Beets et al., 2008) for a range of forest tree species. For instance, Tarasov and Birdsey (2001) estimated that the time for 85 per cent of initial mass loss to occur was 60 years for logs (20-to 40-cm diameter) in Russia.
In Ireland, projected climate change scenarios suggest a general increase in mean monthly temperature (1.2-1.4°C) with the greatest warming in July, whereas precipitation is predicted to decrease in the summer months (10-18 per cent) Figure 5 . (a-e) Combined effects of temperature (T c ) and moisture content (MC t ) on the CO 2 respired from logs in different decay classes (DCs) (different scales were used for the axis of R CWD and MC t ). (McGrath et al., 2005) . An increase in temperature with a corresponding decrease in moisture content due to the decrease in precipitation, especially during the summer months, may result in an increase in the CO 2 flux from decaying CWD. This may cause a significant increase in the rate of decomposition of CWD and may eventually limit its C storage capacity and residence time.
Conclusions
In Ireland, high precipitation and low temperatures result in highly moist soil conditions, which influences CO 2 released from and the decomposition of CWD logs. This study involved a first attempt at quantifying respiration from CWD logs in the most common forest type (Sitka spruce) in Ireland. The results showed a three-phase decomposition pattern suggesting that the rate of decay is dependent on the decay class. The C emissions from CWD will increase or decrease depending on the variations in climatic variables such as temperature and precipitation, thus affecting the rate of decomposition. Hence, R CWD will increasingly become an important factor in the ecosystem C balance as Irish forests mature and inputs to CWD from thinning and harvesting operations increase in a changing climate. The inclusion of the contribution of CWD fluxes to total forest ecosystem respiration will improve forest C accounting and the management of forest C pools. This study further confirmed the long-term C storage potentials of CWD logs as the estimated average half-life (50 per cent decomposition) was 20 years.
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